Medela and Stryker's Neurovascular division are partnering to bring a new medical vacuum technology to stroke patients worldwide.
Introduction
Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that creates image contrast based on the degree to which microscopic water motion occurs in one direction, as opposed to randomly. The degree to which water motion is directional can be described as a tensor function and geometrically as an ellipse of varying length and width. The dimensions of such an ellipsoid can be described with three orthogonal axes (or eigenvectors), including a long axis and two shorter axes. The lengths of these three orthogonal axes are referred to as the eigenvalues and denoted as 1 , 2, and 3 , with 1 ! 2 ! 3 and all three eigenvalues ranging from 0-1. This ellipsoid is referred to as the ''diffusion tensor shape,'' and can be described by a combination of three tensor shape metrics: linear, spherical and cylindrical (CL, CS, and CP respectively), first described by Westin et al. 1 The spherical metric (i.e. CS) describes the tensor shape's spherical component in which diffusion is equal along all diffusion axes, the linear metric (i.e. CL) describes a ''cigar-shaped'' component in which diffusion is primary along the main diffusion axis, and the planar metric (i.e. CP) describes a ''pancakeshaped'' component in which diffusion is restricted to the plane defined by the largest two orthogonal diffusion axes. The CS, CL, and CP values for a given region of interest (ROI) determine the contribution of each associated shape to the overall tensor shape for that ROI.
A relatively new graphical technique, introduced by Ennis and Kindleman and others, 2,3 displays differences in DTI datasets based on the relative differences in their tensor shapes. The tensor shape analysis technique uses a barycentric coordinate system, i.e. one in which the location of each point on the triangular plot is designated as the weighted average of three values represented at the plots' vertices: CS, CL, and CP in this study ( Figure 1 ). The points located directly on a vertex of this triangular plot represent one of the three primary shapes outlined above (spherical, linear, or planar) where CS, CL, or CP ¼ 1, respectively, at the associated vertex.
Tensor shape metric analysis has previously been used in brain tumor analysis, e.g. to distinguish lowgrade from high-grade gliomas, 4,5 glioblastomas from brain metastases, 6 and fibroblastic meningiomas from other meningioma subtypes. 7 In all cases, differences in CL, CP, and/or CS values were exploited to distinguish one cohort from the other. However, no group has investigated the potential value of tensor shape plots in distinguishing between two cohorts.
The goal of this study was to determine whether tensor shape plots could distinguish two types of normal white matter from one another, i.e. regions with a compact and relatively parallel fiber orientation verses regions with a less compact and more crossing fiber orientation. Such a determination is needed before the use of tensor shape plots can be confidently used to distinguish normal white matter from abnormal matter in diseases such as demyelinating disorders. Our study design involved a comparison of tensor shape plots from four brain regions: the anterior and posterior portions of the posterior limb of internal capsule (AIC and PIC, respectively) and the anterior and posterior portions of the centrum semiovale (ACS and PCS, respectively). We hypothesized that tensor shape plots would adequately distinguish the regions in the internal capsule regions from the regions in the centrum semiovale due to their different microstructural compositions.
Methods

Specimen acquisition and preparation
Three post-mortem normal canine brains were obtained from Iowa State University Department of Animal Science. The canines had been euthanized at seven weeks as part of a different research study, which was performed under the auspices of that department's Institutional Animal Care and Use Committee (IACUC). All canines were administered intravenous (IV) heparin (0.5 ml, 500 U/dog) 10 min before euthanizing. They were then anesthetized with Euthasol (200 mg/kg), until respiration and cardiac activity had stopped and corneal and pedal reflexes were absent. Perfusion catheters were placed in each of the carotid arteries, with the arteries clamped below the catheter placement and the abdominal aorta cut. The dogs were perfused with a 0.9% sodium chloride solution and then with a solution of 10% Magnevist (Bayer Healthcare Pharmaceuticals, Whippany, New Jersey, USA) in 10% formalin.
Following perfusion, most of the skin, subcutaneous tissues, and muscles were removed from the head. The heads were then placed in a 10% formalin solution and allowed to post-fix for 24 h at room temperature. After 24 h, the heads were transferred to a solution of 1% Magnevist in 10% formalin and shipped to Duke University at room temperature. Upon receipt of the heads, we carefully removed the brains from the skulls using an atraumatic technique and placed them in a solution of 1% ProHance (Bracco Diagnostics Inc., Monroe Township, New Jersey, USA) in 10% formalin.
Two weeks before image acquisition, the brains were immersed in a solution of 1% ProHance MR contrast material in phosphate-buffered saline (pH 7.4) in order to allow the tissue to rehydrate and to reduce the T1 relaxation time and allow for a shorter imaging acquisition.
Imaging
All brains were scanned using an identical protocol on a 7T small-animal MRI system (Magnex Scientific, Yarnton, Oxford, England, UK) equipped with 670 mT/m Resonance Research gradient coils (Resonance Research Inc., Billerica, Massachusetts, USA) using a 65 mm internal diameter quadrature radiofrequency (RF) coil (M2M Imaging, Cleveland, Ohio, USA). The system was controlled with an Agilent Direct Drive console (Agilent Technologies, Santa Clara, California, USA). The images were acquired using a custom-designed six direction diffusion-weighted spin-echo pulse sequence (repetition time (TR) ¼ 100 ms, echo time (TE) ¼ 18.1 ms, number of excitations (NEX) ¼ 1, b value ¼ 1506 s/mm 2 ). The acquisition matrix was optimized to fit the dimensions of each canine brain and adjusted for a field of view producing a Nyquist-limited isotropic voxel size of 100 mm and a slice thickness of 100 mm. Diffusion imaging preparation was accomplished using a modified Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion gradient waveforms. Total acquisition time was approximately 40 h for each brain. Following image acquisition, the data for each brain were then smoothed using the SUSAN de-noising algorithm implemented in FSL with a three-voxel-kernel radius. For each brain, maps of the three eigenvalues were reconstructed using Diffusion Toolkit Version 0.6.2.
DTI metric acquisition and comparison
Since our study was designed to determine whether tensor shape plots could distinguish different types of normal white matter, we chose to study the internal capsule, in which fibers are compact and to a large degree parallel, and the centrum semiovale, in which fibers are less compact and a substantial number of crossing, rather than solely parallel, fibers are known to exist. We interrogated four brain regions: the AIC, PIC, ACS and PCS.
To determine the CL, CS, and CP values within these brain regions, ROIs were placed on coronal sections of the B0 map for each brain using ImageJ using a previously described interrogation technique. 8 For each region, we defined the anatomical boundaries in the dorsal, ventral, rostral, and caudal directions. We then selected 10 contiguous slices containing the most robust white matter volume within each of the four regions. These slices were defined using anatomical landmarks in order to ensure that comparable slices were sampled in all specimens and that the interrogation method would be reproducible. Once the boundaries were defined, two independent raters placed 10 non-overlapping, square ROIs (five per hemisphere) on each slice, for a total of 100 ROIs per brain region per specimen (Figure 1 ). The eigenvalues for each ROI were measured from their associated map, and used to calculate the CL, CS, and CP values for that ROI (Equations 1-3 ).
Calculating CS, CL, and CP This technique uses a barycentric coordinate system in which every point represents the weighted average of three values placed at the vertices of the plot: CS, CL, and CP in our case (Figure 2 ). The sum of these three shape metrics defining an ROI always equals to one, therefore there are two degrees of freedom when plotting the tensor shape graph. Every point can be defined by a combination of any two of the barycentric coordinates, CS, CL, or CP, which were calculated from the eigenvalues associated with each ROI (Equations 1-3).
Calculating Cartesian coordinates from barycentric coordinates
For every ROI, we calculated the barycentric coordinates, CL, CS, and CP, from the eigenvalues measurements for that ROI. We then defined each of these ROIs as a point on a Cartesian coordinate system using the equations for the x and y coordinates derived below (Equations 7-8). We derived these equations in terms of the barycentric coordinates corresponding to the plots' vertices (Equations 4-6), where vertex i ¼ (x i ,y i ). Because the height of the tensor shape plot must be equal to one, i.e. the maximum value of CS, and the height of an equilateral triangleˇ3/2 times the length of one of its sides, each side was set to 2/ˇ3 in length. The ROIs for each tensor shape plot were graphed from these x and y coordinates utilizing Excel Version 14.6.9.
CL vertex : ðx 1 , y 1 Þ ¼ 0, 0 ð Þ ð4Þ
CS vertex : ðx 3 , y 3 Þ ¼ 2 ffiffi ffi 3 p , 0 ð6Þ
In this technique, the distance along the perpendicular line drawn from a vertex to the opposing side of the triangle represents the contribution of the associated simple tensor shape at that vertex to the overall diffusion tensor shape. For a point located directly on a vertex, the metric associated with that vertex (CL, CS, or CP) is equal to one, while the other two metrics are equal to zero. Along one side of the triangle plot, the metric of the opposing vertex is equal to zero, while the sum of other two metrics is equal to one. For all other points on the plot, not located at a vertex or on a side of the triangle, the values of all three metrics defining that point fall between 0-1, and their sum is equal to one.
After the plots were created, we compared them to determine whether the plots for each type of tissue were similar to one another, e.g. whether the plot for the AIC was similar to that of the PIC, both being regions predominantly composed of compact fibers with a parallel orientation. Similarly, we determined whether the plot for the ACS was similar to that of the PCS. Next, we determined whether the plots for the AIC and PIC visually differed from those of the ACS and PCS.
Results
Four tensor shape plots were created with DTI data gathered from each of four brain regions, i.e. the AIC, PIC, ACS, and PCS, (Figure 3 ). Each plot contains measurements from three brains, with 100 ROIs sampled per region in each brain, for a total of 300 ROIs sampled per plot. The tensor shape plots for the two regions in the internal capsule, the AIC and PIC, were found to be similar to one another. Similarly, the plots of the two regions sampled in the centrum semiovale, the ACS and PCS, were similar to one another. Finally, the two plots for the regions in the internal capsule differed from the two plots for the regions in the centrum semiovale.
In all four brain regions, aside from a few outliers in the ACS and PCS, almost every ROI fell within the top two segments of the tensor shape plot, outlined as the region above both the CP and CL axes. The contribution of the CL and CP values to the shape of each plot varied by brain region. For instance, approximately 99% of the ROIs in the AIC plot fell above the CP and CL axes and to the left of the CS axis. In the PIC plot, all of the ROIs also fell above the CP and CL axes, but many fell to the right of the CS axis, not seen on the AIC plot. In both cases, the data points were rather tightly clustered. For the ACS and PCS plots, the ROIs also fell almost exclusively above the CP and CL axes, but the data points were much more widely distributed than those in the AIC and PIC plots. Thus, the AIC and PIC plots did, indeed, appear similar to one another by virtue of tight clustering of data points, as we hypothesized.
Similarly, the ACS and PCS plots appeared similar to one another by virtue of having widely distributed data points. Finally, as we hypothesized, the plots for regions with a compact and relatively parallel fiber orientation (i.e. the AIC and PIC) differed substantially from the plots for regions with a less compact and more crossing fiber orientation (i.e. the ACS and PCS).
Average fractional anisotropy (FA) values from 100 ROIs per brain were also calculated for each region. The AIC showed the highest FA value of 0.55, while the PIC, ACS, and PCS all had similar FA values of 0.41, 0.40, and 0.43 respectively.
Discussion
It remains unclear how tensor shape plots relate to axonal structure, and what differences in the distribution of data on these plots represent when comparing plots between multiple cohorts. Previous work has shown that differences in tensor shape metrics can be used to distinguish low from high-grade gliomas, and glioblastomas from metastases. [4] [5] [6] Most of these studies developed linear regression models [5] [6] [7] containing one or more tensor shape metrics, combined with other conventional DTI metrics, to differentiate between the two cohorts being studied. However, no groups have used the differences in tensor shape plots to distinguish between different cohorts.
In this study, we found that the distributions of data on the tensor shape plots for each brain structure, the internal capsule and the centrum semiovale, were more similar to each other than to the plots from the other structure. More specifically, the ranges of data for the internal capsule plots were more compact than the ranges for the centrum semiovale plots. These findings support our hypothesis that this analysis could adequately distinguish between two different white matter regions. This difference in plots could be explained by structural differences between the regions, because the internal capsule consists of compact, parallel axons, while the axons in the centrum semiovale are more loosely structured, and contain more crossing fibers. The impact of fiber direction (i.e. crossing fibers compared to parallel fibers) on tensor shape plots could be topic of future study.
Given the types of diffusion that each of the three tensor shape metrics represent, CP is likely elevated in regions with two different fiber orientations in the same plane, while CL is likely elevated in regions where all axons follow a single fiber orientation. 9 Unfortunately, the quality of an image could also contribute to the calculation of tensor shape metrics. For example, the contribution of CP to the overall tensor shape plot may become exaggerated in images with high background noise due to an underestimation of the smallest eigenvalue, 3 . 9 Therefore, as voxel size decreases and the signal-to-noise ratio (SNR) increases, CP values could artificially decrease compared to CP values from the exact same ROI scanned at a lower SNR.
It is clear, however, that inferences can be made about axonal structure from tensor shape metrics that cannot be discerned from conventional DTI metrics. For example, increases in both CP and CL can account for an increase in FA, however each of these tensor shape metrics indicate different kinds of anisotropy. In other words, the FA values associated with both tubular and planar diffusion shapes approach one, but differences in the associated CL and CP values can be used to differentiate the two diffusion patterns. In planar diffusion, CP will approach one while CL will approach zero, and in tubular diffusion CP approaches zero while CL approaches one. In this study, the FA values for the PIC, ACS, and PCS were all similar, yet the PIC could be distinguished from the centrum semiovale regions via the associated tensor shape plots.
Although more work needs to be done to parse out the significance of tensor shape plots as stand-alone representations of data from a single cohort, we have shown that these plots can be used to compare data from multiple cohorts. These comparisons cannot yet provide information as to why one cohort differs from another, but can be used to identify that differences exist, or to group specimens or datasets into cohorts based on different patterns on these plots. Future studies assessing the ability of this form of data analysis to discriminate normal tissue from abnormal tissue are needed before the technique can be widely applied and tested in humans.
Limitations
As there were only three brains used in this study, it is possible that with more canines we would have found no difference in the tensor shape plots between the internal capsule regions and centrum semiovale regions. Additionally, there is always the possibility for sampling error when placing ROIs. Finally, this study only investigated normal canines. Future work on a larger cohort of normal canines and canines with WM diseases, as well as on humans, is needed before the clinical implications of our findings can be determined.
